Objectives: Physique traits and their relationship to competitive success were assessed amongst lightweight rowers competing at the 2003 Australian Rowing Championships. Methods: Full anthropometric profiles were collected from 107 lightweight rowers (n = 65 males, n = 45 females) competing in the Under 23 and Open age categories. Performance assessments were obtained for 66 of these rowers based on results in the single sculls events. The relationship between physique traits and competitive success was then determined. Results: Lower body fat (heat time estimate 28.4 s kg 21 , p,0.01), greater total body mass (heat time estimate 24.4 s kg 21 , p = 0.03), and muscle mass (heat time estimate 210.2 s kg 21 , p,0.01) were associated with faster 2000 m heat times. Conclusions: The more successful lightweight rowers were those who had lower body fat and greater total muscle mass.
A relationship between competitive success and physique traits has been identified in an array of sports, including football codes, 1 aesthetically judged sports, 2 swimming, 3 track and field events, 4 and skiing, 5 plus lightweight 6 and heavyweight rowing. 7 The specific physique traits associated with competitive success vary with the sport. For athletes participating in aesthetically judged sports, maintenance of low body fat levels is associated with positive outcomes. 2 8 9 A similar relationship exists in sports where frontal surface area, power to weight ratio, and/or thermoregulation are important. 10 However, in sports demanding high force production, muscle mass may be more closely associated with performance outcomes. 1 3 Amongst both junior [11] [12] [13] and senior heavyweight rowers, 14 15 performance is positively correlated with muscle mass and/or absolute body mass. Despite the body mass limits imposed on lightweight rowers (maximal weights of 59 kg (crew average 57 kg) and 72.5 kg (crew average 70 kg) for females and males, respectively), muscle mass remains a determinant of competitive success. 6 Comparisons between medallists and non-medallists at world championships suggest that successful lightweight rowers are more mesomorphic, less endomorphic, and tend to have a short sitting height plus longer upper and lower extremities, 6 the latter being consistent with findings in heavyweight rowers and offering greater biomechanical efficiency. 7 However, these conclusions are derived from data collected during the 1980s, soon after the introduction of the lightweight category to international competition. It is unknown if the relationships still exist given the much higher profile and more competitive environment of lightweight rowing. Thus, our understanding of the association between physique traits and competitive success among lightweight rowers has not been addressed for several decades despite the potential for morphological optimisation during this time, as has occurred within the heavyweight division. 10 The confirmation of unique physical characteristics amongst successful lightweight rowers would be invaluable for future talent identification and development programs.
The primary aim of the present study was to examine the relationship between physique traits and competitive success among lightweight rowers. We also sought to quantify the effect of small differences in muscle mass and fat mass on competitive performance. It was hypothesised that larger, more muscular athletes would be more successful.
METHODS

Subjects
A total of 107 lightweight rowers competing at the 2003 Australian Rowing Championships in either the Under 23 (U23; n = 35 males, n = 28 females) or Open age (OPEN; n = 27 males, n = 17 females) divisions volunteered to participate in this investigation. Volunteers were fully informed of the nature and possible risks of the investigation before giving their written informed consent. The investigation was approved by the Human Research Ethics Committee of the Australian Institute of Sport.
Physique
Volunteers undertook a single physique assessment during the regatta; the timing of assessments was not standardised. All subjects were landmarked by an anthropometrist holding level III accreditation from the International Society for the Advancement of Kinanthropometry (ISAK). Full anthropometric profiles, including body mass, skinfolds at 8 sites, 11 girths, 12 lengths, and 6 breadths were measured by ISAK accredited level II anthropometrists with technical errors of measurement of ,3% for skinfolds and (1% for all other measures.
Body mass was assessed in minimal clothing on a calibrated digital scale with a precision of ¡0.02 kg (A & D, Tokyo, Japan). Sitting height and stretch stature were measured using a portable stadiometer (Seca, Hamburg, Germany) with a precision of ¡1 mm. Skinfolds were assessed using Harpenden callipers (British Indicators, St Albans, Hertfordshire, UK). Girth measurements were made using a flexible steel tape (Lufkin W 606 PM, Cooper Industries, Lexington, SC). Several girths were corrected for skinfolds, as described elsewhere. 16 Upper body limb lengths Abbreviations: ISAK, International Society for the Advancement of Kinanthropometry; NATA, National Association of Testing Authorities; SAM, somatotype attitudinal mean
were measured with a modified steel tape adapted with a segmometer (Rosscraft, Surrey, BC, Canada); all other lengths were assessed using a large sliding calliper (British Indicators). The majority of breadths were also measured with the large sliding calliper; biepicondylar breadths were measured with Vernier callipers (Holtain, Crosswell, Dyfed, UK). All anthropometric equipment was calibrated prior to the assessment period, with additional checks against National Association of Testing Authorities (NATA) certified calibration weights and rods.
All measurements were made on the right side of the body using techniques previously described. 17 The full anthropometric profile was undertaken in duplicate. If the difference between duplicate measures exceeded 5% for skinfolds or 1% for any other parameter, a third measurement was taken but only after the full profile had been completed in duplicate. The mean of duplicate or median of triplicate anthropometric variables was used for all subsequent analyses.
Anthropometric variables were used to create a four-way fractionation of body mass, partitioning total body mass into A B Figure 1 Somatocharts of male (a) and female (b) somatotype distributions for both U23 (unfilled icons) and OPEN (filled icons) athletes. Circles represent the mean somatotype for each age category. fat mass, muscle mass, bone, and residual mass using the phantom model, 16 the validity of which has been addressed previously. 18 The somatotype and somatotype attitudinal means (SAM) were calculated using the method of Carter. 19 The relative magnitude of a physical characteristic with respect to stature was assessed via the calculation of phantom z scores. 20
Performance
The impact of an intervention on rowing performance is generally inferred via simulated racing on an ergometer in a controlled laboratory environment. However, it has been argued that a 2000 m time trial on an ergometer may not reflect the metabolic demands of on-water rowing, 21 especially in smaller boats where it takes significantly less time to complete the effort on an ergometer than on water. 15 With this in mind, performance was assessed via heat times and overall placing at the 2003 Australian Rowing Championships. Only race results of athletes competing in single sculls were used as sweep events comprise two or more athletes (and thus two or more physiques) in a single boat.
For the purpose of this investigation, athletes who qualified for ''A'' finals were considered successful.
Statistical analysis
Associations between physique traits and heat times (plus overall placing) were assessed by an analysis of covariance (ANCOVA) with heat times (or final placing) as the dependent variable, gender and category (U23 and OPEN) as categorical predictors, and individual physique traits as a covariate. Differences between athlete categories and variance in physical characteristics between successful (that is, ''A'' finalists) and less successful athletes (non-finalists) were assessed using a one way analysis of variance (ANOVA). When a significant main effect was observed, a Newman-Keul's post hoc test was used to locate significant differences between means. Strength of deviations from the phantom were evaluated using z scores as an index of effect size. Operationally defined, a z score>0.20 is a small effect, a z score>0.50 is a medium effect, and a z score>0.80 is a large effect. 22 All statistical analyses were undertaken using Statistica software for Windows (version 6.0, StatSoft, Tulsa, OK). Significance was accepted at p,0.05 and all data are presented as the mean (standard deviation, SD).
RESULTS
From the 132 lightweight rowers who competed at the 2003 Australian Rowing Championships and volunteered to participate in this investigation, 107 full anthropometric profiles and 66 single scull regatta results were collected and submitted for analysis.
Physique Table 1 (a and b) shows a summary of the anthropometric data. Few differences were evident between age groups. However, OPEN females possessed larger transverse chest breadths (p = 0.04) and waist (p,0.01) girths compared to U23 females, while OPEN males had larger arm flexed and tensed (p = 0.01) plus skinfold corrected chest (p,0.01) girths. The differences between the sum of the fractionated masses and measured body mass were small, fractionated mass being within 0.8% (SD 3.5%) of measured mass. Somatocharts of male and female somatotype distributions are displayed in fig 1.
Lower body fat and higher levels of muscle mass (and total mass), as estimated by anthropometric fractionation, were associated with faster heat times (table 2) and superior overall regatta placing amongst athletes. The same trends persisted when a comparison was made between physique traits of athletes who qualified for ''A'' finals and those that did not. Successful female athletes tended to have lower body fat levels than their less successful competitors, both in the U23 (''A'' finalist 6.3 (SD 1.7) kg, non-finalist 7.5 (SD 1.0) kg; p = 0.06) and OPEN categories (''A'' finalist 6.2 (SD 1.3) kg, non-finalist 8.1 (SD 0.6) kg; p = 0.02). Similarly, more successful OPEN category female athletes had lower relative endomorphy ratings (''A'' finalist 2.1 (SD 0.6) kg, non-finalist 2.9 (SD 0.3) kg; p = 0.02). Successful oarswomen tended to possess more muscle mass, the effect stronger within the U23 category (''A'' finalist 26.0 (SD 1.2) kg, non-finalist 25.1 (SD 0.90) kg; p = 0.08) than the OPEN category (''A'' finalist 25.6 (SD 1.1) kg, non-finalist 24.5 (SD 1.0) kg; p = 0.14). Similar trends were evident amongst oarsmen.
Relative body size (that is, relative to stature) or proportionality characteristics of oarsmen and oarswomen are displayed in fig 2. Proportionally low body fat levels and longer thigh lengths were common to all groups of rowers. Relative body size was similar between younger and more senior athletes. However, gender differences were evident. Males possessed proportionally high muscle mass with associated large skinfold corrected girths, especially on the upper body. This effect was not evident amongst oarswomen although they were relatively lighter.
DISCUSSION
The primary finding of the present investigation is that amongst competitive lightweight rowers, physique traits are related to performance outcomes. Successful lightweight rowers possess more muscle mass and less body fat than their less successful counterparts, a finding similar to that previously reported amongst elite lightweight oarsmen. 6 Anthropometric traits of athletes competing in the lightweight division at the 2003 Australian Rowing Championships were similar to those reported amongst lightweight rowers competing at the 1985 World Championships 6 and the 2000 Sydney Olympic Games. 23 Accordingly, it appears that the somatotypes of lightweight male and female rowers have changed little in the last two decades (fig 3) . 6 23 24 Oarsmen remain predominantly ectomorphic-mesomorphs, while oarswomen were mesomorphicectomorphs. Physique traits differed little between athletes competing in the U23 and OPEN categories, suggesting any performance variance between these groups was related to factors other than physique.
A short sitting height (relative to stature) and longer limb lengths are characteristic of both lightweight 24 and heavyweight rowers, 14 conferring greater biomechanical efficiency. 10 These structural traits were evident amongst athletes in the present investigation, as inferred via small sitting height to stature ratios and large arm length to stature ratios. 10 In spite of this, competitive success was not strongly associated with these physique traits. Perhaps this is because of the homogeneity of physique traits amongst the present lightweight rowers, as indicated by low SAM scores, a measure of the average dispersion of individual somatotypes from the group mean. 19 In view of the known influence of physiological variables and skill levels on rowing performance, 25 the identification of very strong relationships between a wide array of anthropometric characteristics alone and competitive success would be surprising, especially amongst a homogeneous population of lightweight rowers. Indeed, strong associations were only evident for estimates of fat mass and muscle mass, parameters that were derived from an array of measured physique traits, including skinfolds and girths. 16 The strength of association between body composition and performance confirms that lightweight rowers should prioritise the manipulation of not only fat mass but also muscle mass as they prepare to achieve specified body mass limits for upcoming regattas.
It is important to acknowledge that any association between physique traits and competitive success may have been influenced by acute body mass management strategies undertaken by volunteers prior to racing, the performance implications of which can be substantial if aggressive recovery strategies are not enforced following weigh in. 26 Indices of hydration status confirmed the majority of volunteers were hypohydrated at the time of weigh in. Consequently, the strength of association between physique traits and performance reported in the present investigation could be considered conservative. The impact of these physique traits on heat times is estimated (that is, parameter estimate); negative values indicate an increase in a specified physique trait (per unit, for example, for kg in fat and muscle) will result in a decrease in heat time. Data have been collapsed across gender and age group. Sweep oarsmen have been omitted from analysis.
As hydration status has a negligible impact on results of anthropometric profiling, 27 anthropometry was considered the most appropriate tool for assessing physique traits in the present investigation. A range of other techniques are available for estimating body composition including radiographic (computer tomography, magnetic resonance imaging, dual energy x ray absorptiometry), metabolic (creatinine, 3-methylhistidine), nuclear (total body potassium, total body nitrogen), and bioelectrical impedance techniques. 28 However, none of these techniques provide accurate estimates of lever lengths, qualities that influence the biomechanical efficiency of the rowing stroke and thus performance. 10 Furthermore, results from many of these physique assessment techniques are influenced by hydration status, 29 30 rendering them inappropriate during a regatta when athletes are likely to present in a hypohydrated state.
Anthropometric fractionation of body mass was used to obtain data on estimates of skeletal, residual, fat, and muscle masses. 16 As was also evident from the work of Withers and associates, 18 absolute differences between measured body mass and that resulting from the sum of the four fractionated masses were very small. As each of the four estimated masses is derived independently of body mass, the degree to which their total approximates the measured mass has been used as an internal validity criterion. 18 Heat times were chosen as an index of performance so as to maximise the total subject pool available for analysis (that is, only the top eight athletes in each category competed in the final). Furthermore, the inclusion of heat times allowed an estimate (in seconds) of the impact of variation in physique traits on 2000 m race times. As heats within a particular category follow in succession, the impact of variance in environmental conditions on race times should be minimised. Identical outcomes were observed when overall performance rank was substituted in the analysis for heat times, confirming that factors such as environmental conditions and physical exertion applied in a heat had little, if any, impact on outcomes.
In summary, the present investigation has confirmed that the physique traits of lightweight rowers have remained stable for the past two decades and continue to be a determinant of competitive success. Leaner athletes with greater total muscle mass are more successful. What is already known about this topic Successful lightweight rowers are tall with long upper and lower extremities and short sitting height. They are also more muscular, with lower body fat levels than their less successful counterparts. However, this information comes from work collected soon after the introduction of the lightweight category to international competition (1985) .
What this study adds
This update has confirmed that successful lightweight rowers possess more muscle mass and less body fat than their less successful counterparts. Physique traits of lightweight rowers have remained stable for the past two decades. Estimates of the impact of variance in physique traits on performance are provided. 
